Method details {#sec0005}
==============

Study area {#sec0010}
----------

Approximately, the length of Tigris River is 1900 km, the major (77%) part of which flows in Iraq, followed by Turkey (22%) and Syria (1%). The Tigris River is the main river of Baghdad (capital of Iraq), and, by its flow, it divides the city into two parts: the Karkh and Rasafa districts. It is considered as the major source of water for the Baghdad city and its downstream cities. The study region is significant due to the presence of various wastewater drains joining the river there [@bib0040]. The majority of its municipal and industrial wastes are discharged directly into the river without adequate treatment, which has polluted the river extensively with organic wastes. Unfortunately, the latest reports suggest that the condition of this river has deteriorated in several regions, leading to worsening of the water quality of the river [@bib0040], [@bib0045]. Therefore, effective management of this segment of the river is of prime importance. [Fig. 1](#fig0005){ref-type="fig"}a and b shows a geographic map of Iraq and a satellite image of Landsat7-ETM (2009) corrected by ERDAS 9.2 for Baghdad city, respectively [@bib0005], in addition, [Fig. 1](#fig0005){ref-type="fig"}c is a Google Map showing study region with the locations of six wastewater discharge outfalls.Fig. 1Geographic map of Iraq (a); satellite image for Baghdad (b) [@bib0040], and (c) Geographic Map showing study region.Fig. 1Adapted from Google Maps.

The quality of the treated wastewater produced from each wastewater treatment plant (WWTP) of the mentioned industries is regularly tested by the Iraq Ministry of Environment. The six wastewater treatment plants ([Fig. 1](#fig0005){ref-type="fig"}c) are located approximately 2--4 km apart. As mentioned previously, the amount of organic pollution in the discharged wastewater from these six sources was determined in terms of their BOD~5~.

Modeling and method description {#sec0015}
-------------------------------

The water quality optimization model adopted herein has as an objective function for determining the best treating efficiency of multi-WWTPs. BOD~5~ concentration of river water was chosen as a guide and an indication test of the water quality. Therefore, in this study, a considerable attention was paid to the determination of the BOD~5~ removal efficiency for each WWTP as well as the maximum allowable BOD~5~ loading in the Tigris River. The latter point depends on the Iraqi standards of rivers water. The most widely used model to solve such problem is LP [@bib0065]. For this purpose, the river region was divided into five reaches; each reach was connected to two nearest WWTP outfalls ([Fig. 2](#fig0010){ref-type="fig"}). To develop and demonstrate the calculations involved in this system, which consisted of six different WWTPs (*i* = 1 to 6), the following definitions and assumptions were considered:Fig. 2Schematic representation of the input/output parameters of the study problem.Fig. 2

*Qi* = River water flow (m^3^/day) on reach *i* − (*i* + 1), this parameter is stable for all river reaches and varies seasonally; hence in the present study the mean monthly values are considered.

*pi* = BOD~5~ discharge rate from WWTP*i* (g/day). It is worth to mention that water pollution load is the essential input data for establishing water quality management model, and it is an important factor that affects the optimization of wastewater outfall locations [@bib0020], [@bib0085].

*xi* = optimized efficiency corresponding to each WWTP, which is the determination of its value is considered as an objective function.

*bi* = maximum allowable BOD loading in each reach (g/m^3^). This parameter is defined by the Iraqi Ministry of Environment Standards and found to be ≤30 g/m^3^ (or mg/L). Therefore, this value was fixed for all studied river reaches.

The first question highlighted from the above problem of six WWTPs discharging their wastewater into the same river is "what is the optimization objective function?". The objective function seeks to minimize the operation efficiency of each plant in which the BOD~5~ loading in the river does not exceed the allowable limit. Thus, the objective function for each month is:$$minimize\mspace{9mu} f = \sum\limits_{i = 1}^{5}x_{i}p_{i}$$

To solve the objective function that satisfies the BOD~5~ loading requirement in reach 1--2 (river reach between the outfall location of WWTP1 and WWTP2), we must subject the objective function to the following constraints:$$p1\left( {1 - x1} \right) \leq b1Q1$$

Similarity, the BOD~5~ loading constraint for reach 2--3 can be represented in the following form:$$\left( {1 - r12} \right)\left( {BOD5\mspace{7mu} discharge\mspace{7mu} rate\mspace{7mu} in\mspace{7mu} reach\mspace{7mu} 1 - 2} \right) + \left( {BOD5\mspace{7mu} discharge\mspace{7mu} rate\mspace{7mu} in\mspace{7mu} reach\mspace{7mu} 2 - 3} \right) \leq b2Q2$$

or$$\left( {1 - r12} \right)p1\left( {1 - x1} \right) + p2\left( {1 - x2} \right) \leq b2Q2$$

The coefficient *r12* (\<1) represents the fraction of waste removed in reach 1--2 by decomposition which is chosen to be 4%. As the distances between the two WWTP outfalls were approximately equal, the fraction of BOD~5~ removed by decomposition was equal for all five river reaches.

In a similar manner, for reaches 3--4, 4--5, and 5--6, the constriant will be as shown in Eqs. 3.5, 3.6, and 3.7, respectively:$$\left( {1 - r23} \right)\left\lbrack {\left( {1 - r12} \right)p1\left( {1 - x1} \right) + p2\left( {1 - x2} \right)} \right\rbrack + p3\left( {1 - x3} \right) \leq b3Q3$$$$\left( {1 - r34} \right)\left\{ {\left( {1 - r23} \right)\left\lbrack {\left( {1 - r12} \right)p1\left( {1 - x1} \right) + p2\left( {1 - x2} \right)} \right\rbrack + p3\left( {1 - x3} \right)} \right\} + p4\left( {1 - x4} \right) \leq b4Q4$$$$\left( {1 - r45} \right)\left\{ {\left( {1 - r34} \right)\left\{ {\left( {1 - r23} \right)\left\lbrack {\left( {1 - r12} \right)p1\left( {1 - x1} \right) + p2\left( {1 - x2} \right)} \right\rbrack + p3\left( {1 - x3} \right) + p4\left( {1 - x4} \right)} \right\}} \right\} + p5\left( {1 - x5} \right) \leq b5Q5$$

Moreover, the above nonlinear equations system must consist the minimum and maximum allowable treatment efficiencies that can be presented by the following constraint:$$lb \leq x1,x2,x3,x4,x5 \leq ub$$Where *lb* and *ub* is the minimum and maximum operating efficiencies for each plant. According to the personal contacts with the corresponding engineers of these plants, the minimum and maximum possible plant efficiency was maintained at 50% and 90% under the best conditions, respectively.

The above model equations consider the BOD minimization values in rivers as the primary objective in a multi-objective optimization problem. The intent of a model of this system is to elucidate treatment strategies that can be utilized to decide ways to enhance the quality of a water body in an optimum results. It is noteworthy that, for this case, the proposed model did not attempt to solve problems regarding capacity expansion, wherein a long-term planning horizon was advocated [@bib0010]. The problem model equations (Eqs. [(1)](#eq0005){ref-type="disp-formula"}--[(9)](#eq0045){ref-type="disp-formula"}) represent a linear equations algorithm that can be solved by using the LP. The function for the solution of the LP system is built in the MATLAB program version (7.9). This function was named "linprog", which solves a system of linear equation problem.

Method validation {#sec0020}
-----------------

[Table 1](#tbl0005){ref-type="table"} listed the average montly river flow rate (*Q*, m^3^/day); BOD~5~ discharge rate (*p*, g/day), and maximum allowable BOD~5~ loading (*b*, g/m^3^) for all studied reaches. The WWTP1, WWTP2, WWTP3, WWTP4, and WWTP5 were for AR, SBEPS, TI, AOF, and G1 plants, respectively. These data are extremely important to find the appropriate management system according to the above mentioned equations. These data were arranged for each month of the year 2016. It is worth to note that the BOD~5~ concentration upstream of the AR (1st WWTP in the system) was negligible since there were no activities from the river entering point to the Baghdad to the AR outfall. Therefore, the BOD~5~ concentration of the river upstream the system ([Fig. 2](#fig0010){ref-type="fig"}) was considered to be zero in the modeling program. In addition, and for the sake of completeness, the determined optimized efficiencies were compared with the present operating efficiency for each plant. The present operating efficiency of BOD removal for each plant can be easily calculated by using the following equation:$$Efficiency\mspace{7mu}(\%) = \left( \frac{\text{BOD}_{\text{in}} - \text{BOD}_{\text{out}}}{\text{BOD}_{in}} \right) \times 100$$Table 1Average monthly river flow rate (m^3^/day); BOD~5~ discharge rate (g/day), and maximum allowable BOD~5~ loading (g/m^3^) for all studied WWTP in 2016.Table 1Reach 1--2 (WWTP1-WWTP2)Reach 2--3 (WWTP2-WWTP3)Reach 3--4 (WWTP3-WWTP4)Reach 4--5 (WWTP4-WWTP5)Reach 5--6 (WWTP5-WWTP6)Month*Q1* (m^3^/day)*p1* (g/day)*b1* (g/m^3^)*Q2* (m^3^/day)*p2* (g/day)*b2* (g/m^3^)*Q3* (m^3^/day)*p3* (g/day)*b3* (g/m^3^)*Q4* (m^3^/day)*p4* (g/day)*b4* (g/m^3^)*Q5* (m^3^/day)*p5* (g/day)*b5* (g/m^3^)Jan.867.921960030867.92972030867.92231030867.921376030867.9219630Feb.1171.50147001171.50137701171.5023801171.5092451171.50232Mar.1607.22161001607.22170101607.2213301607.2280841607.22240April2054.05136502054.05116642054.0517082054.0576972054.05308May2059.79154002059.79145802059.7916172059.7964072059.79220Jun.1324.46189001324.46101251324.4614701324.4673101324.46240Jul.723.8919950723.8913770723.89980723.897869723.89244Aug.493.4120300493.4110935493.411071493.418815493.41312Sep.412.2715050412.2711259412.271470412.278643412.27352Oct.411.3515400411.359882411.35980411.355547411.35280Nov.525.5616100525.5613689525.561540525.568084525.56252Dec.680.6017150680.6013041680.601960680.607525680.60196

Comparison of the optimized and present efficiencies {#sec0025}
----------------------------------------------------

The results of variation in the present and optimized operating efficiencies of the studied WWTPs for each month are depicted in [Fig. 3](#fig0015){ref-type="fig"}. More sophisticated trends to investigate the interplay between these two efficiencies were available in this study. For many cases, the present operating efficiencies for five WWTPs were greater than the optimized values. For the results obtained in January, it can be seen that the reach 2--3 was the only affected river part as the present SBEPS's operating efficiency was lower than the resultant optimum value owing to high BOD~5~ loading rate in this region. Similarity, great differences were noted between the optimized (90%) and the present (55%) efficiencies of the G1 plant, which may have led to increase in the BOD~5~ concentrations exceeding the allowable limits which is constrained in the mathematical model with \<30 mg/L, according to the Iraqi standards. For AR, TI, and AOF WWTPs, the optimized efficiencies were approximately close to or lower than the present working efficiencies. This is a preferred case, especially to the environment, but the surplus treatment costs should be estimated. The maximum optimized efficiency was found for the G1 WWTP because of high accumulative BOD~5~ loading rate in the WWTPs upstream of the G1 WWTP. Minimum optimized operating efficiency was determined for both TI and AOF WWTPs due to high efficiencies were employed upstream them, which resulted mainly for AR and SBEPS WWTPs. Except that the G1 and SBEPS WWTPs is recommended for increasing their removal efficiency to the maximum possible value, the present operating efficiencies of three remaining WWTPs can be accepted in January.Fig. 3Optimized and present efficiency of five WWTPs for each month in 2016.Fig. 3

In February, the same results were revealed for January. All the plants are working well, except for the SBEPS and G1, which have a significant difference between the optimized and present efficiencies. This can be reasoned by the BOD~5~ loading rate of the WWTPs upstream G1. In addition, the present efficiency of AR, TI, and AOF WWTPs were higher than those obtained from the optimization results. This result can help us minimize the total treatment cost of the wastewater in this system by applying the management model results. If the operating efficiencies remained within the present condition, the river reaches downstream of the G1 plant will be affected with high organic pollution load. To obtain accurate findings, water quality samples were recommended to be analyzed from several locations downstream of the G1 WWTP outfall.

In March case, it can be seen that all the determined optimized efficiencies were lower than the present values, except for the G1 plant, in which the working efficiency is should be slightly increased from 49% to 61%. It was outlined that in this month, the Tigris River's flow discharge increases in comparison with that in January and February ([Table 1](#tbl0005){ref-type="table"}) owing to good water quality and great ability of self-purification process for the organic pollution [@bib0075]. For this case of high-removal efficiencies of AR, SBEPS, TI, and AOF WWTPs, it can be concluded that the BOD~5~ concentrations of all reaches will be less than the maximum allowable limit despite that the G1 efficiency is less than the required optimized efficiency.

Irregular fluctuations were noted in the efficiency results for April, wherein all optimized efficiencies were found to be greater than or near to the working present values for the AR, SBEPS, and G1 plants. In the figure corresponding to this month, the AOF can be seen to have minimum optimized efficiency in comparison with the other WWTPs, which can be attributed to the high efficiency suggested for AR, SBEPS, and TI located upstream of the AOF WWTP outfall location. High present and optimized efficiencies were determined for AR and TI WWTPs, respectively. It should be noted that the river flow rate was registered to be high in April (2054 m^3^/s) due to the melting of ice in the northern Iraq [@bib0080]. This factor may enhance the self-treatment process for the wastewater discharged into the river [@bib0075]. The results shown in [Fig. 3](#fig0015){ref-type="fig"} for April revealed that TI and AOF WWTPs working efficiencies can be decreased to 73% and 51%, respectively.

The optimized efficiency values were around 70% in May. In addition, TI WWTP registered the highest present and optimized efficiency values of 90% and 71%, respectively. This difference, in fact, highlighted to the unwanted treatment level was done. From other side, all the WWTPs were found to be working in a safe case, except for the G1 WWTP, in which this plant showed an increased is required in its working efficiency from 56% to 69%. The registered mean flow rate of Tigris River was high (2059.79 m^3^/s). This is a positive sign for diluting the pollution factors like BOD~5~ in the river reaches. According to the results obtained for May, there was no affected reach in the present condition and the same trend of present working efficiencies in April was presented. Conversely, the optimized values for May differed from those of April, which indicates that there are parameters other than river discharge can affect the results of the optimization model.

In June, all the WWTPs were presently working in efficiency above the optimized values, except for the G1 plant which was working close to the optimized efficiencies. Although, it can be say that the system were working in a good case especially when one compared the present and optimized efficiencies for AR WWTP. Despite the slight deviation between the registered river flow rate in May and June, the trend for present efficiencies was found to be similar in these two months. It is clear that if the system was found working at the present efficiencies, the studied system of the river will not be affected due to the high removal efficiencies occurring in the first four WWTPs. Therefore, this findings will lead to a reduction in the BOD~5~ concentrations to values \<30 mg/L.

A positive case in July was noted between the two efficiencies for the first four WWTPs. All plants worked at efficiencies greater than required. The difference between the two efficiencies was in a descending manner. For the G1 WWTP, an opposite result was found and the working efficiency for this plant needs to be increased from 62% to 90%. In the present condition and according to the G1 WWTP efficiency, the case of downstream contamination with organic pollution may occur and should be solved to protect the downstream environment by enhancing the G1 plant efficiency. In addition, the optimization program has created a large difference between the optimized and present operation efficiency for AR in July. Actually, AR WWTP was installed for big refinery and discharges a large quantity of wastewater (*p1* values); as a result, the degree of treatment can be significantly decreased. In addition, it is worth mentioning that July is a hot month in Iraq, which may increase the decomposition process of organic material due to the microorganism activity increases with the increasing temperature of the environment [@bib0050].

In August, as per the results of the optimization model which highlighted that the AR and G1 WWTPs worked slightly below the optimized efficiency. For these two plants, it was recommended to increase their treating efficiency to agree with the allowable limits of BOD~5~ in the rivers. For AOF, the resulting efficiency was near the 50% as well as SBEPS and TI plants worked at efficiencies near the optimized value. The G1 WWTP should boost its efficiency by 9%, which can be easily performed because the BOD~5~ loading rate of this plant is low as listed in [Table 1](#tbl0005){ref-type="table"}.

The results obtained in September showed that all the present efficiencies were greater than the optimized efficiency. It is clear that all plants are operating in a high efficiency (nearly 80%). This is a good case for the water quality condition, but not preferable for economic reasons. The optimized efficiency was the highest for SBEPS, while it was lowest for AOF. September, which is also a hot month in Iraq, recorded a flow rate of Tigris River as low as 412 m^3^/s, which may have affected the dissolved oxygen content and as a result the self-purification treatment, especially in the case study region.

The results of October illustrates that the first three WWTPs worked with nearly 82% efficiency while the last two worked with nearly 70% efficiency in October. Furthermore, the results of the programming process demonstrated that the required optimized efficiency was not achieved for the G1 plant. This may cause a significant increase in the BOD~5~ concentrations above the allowable limit, according to the Iraqi standards. For AR WWTP, the present efficiency was greater than the optimized value. The optimized efficiency was lowest for AOF (59%). It could be seen that the G1 was the only plant that needed to work on increasing its efficiency. This could be because the G1 plant is located downstream to four plants and is hence naturally affected by the pollution coming from the upstream plants.

In November, the present efficiencies were found to be greater than the optimized values for AR, SBEPS, and TI WWTPs. For AOF, the two efficiencies were close, but there was a deviation by 14% for the G1 efficiencies. The first three plants operated in efficiencies lower than the present values. The maximum efficiency of treatment was suggested for AR and T1 WWTPs, which was 86%. For this system and to be safe environmentally, it is only recommended for the G1 plant to increase the working efficiency to 71%.

Effects of the operating parameters {#sec0030}
-----------------------------------

Further analyses were performed to test the effects of the variation of some of the input parameters. For this purpose, effects of some environmental conditions like river discharge, the fraction of waste removed due to decomposition, and minimum acceptable plant efficiency, were evaluated in this study and the results are illustrated in [Fig. 4](#fig0020){ref-type="fig"}. It should be noted that the data selected for this study are for January.Fig. 4Effects of variation of (a) river discharge; (b) decomposition value, and (c) initial efficiency value on the optimized efficiency of five WWTPs in January.Fig. 4

[Fig. 4](#fig0020){ref-type="fig"}a depicts the effects of variation of the Tigris River discharged on the optimized efficiencies of five WWTPs. It can be seen that the required optimized efficiencies at the actual river discharge of 868 m^3^/s were not altered greatly on decreasing the discharge to 435 m^3^/s for all plants. For example for the G1 WWTP, the removal efficiency was almost not affected and remained at 90%. This phenomenon suggests that decrease in the river discharge by half will not alter the dilution property of river toward organic pollution. Therefore, the operated WWTPs should not decrease their operation efficiencies in case of decreasing the river flow in other months to avoid an increase in BOD~5~ concentration in the river above the standardized values. Similarly, for the case of increasing the discharge, it was noticed that, for all WWTPs, the optimizing efficiencies were slightly decreased, especially for the last two WWTPs. This is because increasing the flow rate of the river enhanced the dilution process owing to the improvement in the decomposition of organic matters in the aquatic environment.

The microorganism's decomposition of organic materials found in wastewater plays an important role in reducing the BOD~5~ concentration of a river. In the present study, the variation of decomposition ability of the Tigris River in January was noted at 0.3 and 0.5 ([Fig. 4](#fig0020){ref-type="fig"}b). At 0.3 decomposition value, the first three WWTPs should increase their operating efficiencies in comparison with the optimized efficiency calculated at the decomposition rate of 0.4. This phenomenon was cause a decrease in the efficiencies of the last two WWTPs (AOF and G1) due to the improvement of water quality resulting from the treatment efficiencies of upstream plants. For the AR and SBEPS WWTPs, the BOD~5~ loading rate entering this plant was found to be high as compared with other plants. Therefore, these two plants should increase their efficiencies to avoid the increase in the BOD~5~ value in the river to \>30 mg/L considering a decrease in the decomposition process from 0.4 to 0.3. For G1, the results was similar to that of AOF plant because it resulted an increase in the first three plants showed improved river condition until the AOF plant. In other words, due to the increase in the operating efficiency of the first three plants (as determined at 0.3 decomposition fraction), the water quality of the system is also improved without increasing the efficiencies of downstream plants. This case can be continued until reaching the downstream G1 outfall.

The increase in the initial operating efficiency value was greatly affected by the operating efficiency, but there was no uniform trend ([Fig. 4](#fig0020){ref-type="fig"}c). This is because, increasing the minimum removal efficiency from 50% to 60% increase the efficiency of the first two plants. Hence, for the subsequent two plants (TI and AOF), the operating efficiency decreased significantly. Same results as for the first two plants were noted for G1 WWTP.

Summary {#sec0035}
-------

•The use of optimization methods against surface water quality problems can serve as a useful tool to simulate and predict the concentration of pollutant in rivers.•The data collected of BOD, river flow rate, and plants wastewater discharges were found to significantly vary every month. Therefore, the model results were produced monthly.•A complex phenomenon to investigate the interplay between optimized and present efficiencies of the studied WWTPs was available in this study.•In many cases, the optimized determined efficiencies were in values lower than the present efficiencies. This is a positive point as it indicates that the discharge wastewater had BOD~5~ concentration lower than what can be accepted by the river. But, this point is not desired due to the unwanted costs involved.•It should be noted that the variation in the river flow rates is not an important factor affecting the determination of BOD concentrations in the river and hence its effect on the determined values of operating efficiencies. In many situations, the value of decomposition rate was found to strongly affect the operating efficiencies.•The variation in the operating efficiency value of the first upstream plant greatly affected the operating efficiency of the downstream plants. In addition, it was found that, G1 WWTP was the only plant that needed to increase its efficiency. This is because G1 was located downstream of the four plants and hence was naturally affected by the pollution arising from the upstream plants.•There was no constant rank for the investigation on the effects of the natural decomposition on the operating efficiency for each plant.

Additional information {#sec0040}
======================

The warning of environmental issues among the world communities has reached an unforeseeable level. This active awareness is driving our industry to achieve levels of waste treatment performance far beyond those envisioned even as recently as in the last decade [@bib0030], [@bib0060]. One of the most important and well-known surface water quality parameters is the biochemical oxygen demand (BOD), often measured as 5-day BOD (BOD~5~). Moreover, the ecologists around the world emphasize the importance of BOD as an indicator to assess the degree of organic contamination of receiving water body such as rivers and the efficiency of treatment units [@bib0025], [@bib0035]. The main sources of this type of pollution in rivers are human and animal liquid wastes that restrict water utilization due to impaired ecosystem health and the necessary treatment expense [@bib0070]. Therefore, considering an appropriate management system of wastewater disposal from various activities into the receiving water body is an important process to protect this aquatic environment [@bib0055]. Linear programming (LP) is one of the most widely used optimization techniques and perhaps the most effective one. The term LP was coined by George Dantzig in 1947 to describe mathematically the problems in which both the objective function and the constraints are linear [@bib0015].
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